The bacterium Chlamydia trachomatis is one of the leading causes of sexually transmitted diseases worldwide. Since no simple and effective tool exists to diagnose C. trachomatis infections, we evaluated a novel point-of-care (POC) test, aQcare Chlamydia TRF kit, which uses europium-chelated nanoparticles and a time-resolved fluorescence reader.
INTRODUCTION
Chlamydia trachomatis is an obligate, intracellular, gram-negative bacterium that infects the columnar epithelium of the cervix and is responsible for a broad spectrum of sexually transmitted diseases (STDs) in humans. There has been a nine-fold increase in the number of reported cases of C. trachomatis infection in Korea from 2001 (354 reported cases) to 2007 (3, 196 reported cases) [1] . Although treatment with antibiotics can cure an uncomplicated C. trachomatis infection, 80-94% of infected women are reported to be asymptomatic [2] [3] [4] [5] , which makes diagnosis and treatment difficult.
Serology, cell culture, direct immunofluorescence assays (DFA), ELISA, and nucleic acid amplification tests (NAATs) are all available laboratory-based methods to detect C. trachomatis infections [2, 6, 7] . Earlier studies have assessed the culture method to be the gold standard for diagnosis owing to its high sensitivity (85%) and specificity (100%) [2, 6] . However, other diagnostic methods needed to be developed, because the culture method is difficult to standardize, expensive, time-consuming, and labor intensive [2] . Although many NAATs, having a high sensitivity for detecting C. trachomatis infections even in asymptomatic patients, have become available recently, these still require trained personnel to run the tests and expensive testing platform settings. A delay between receiving the test outcome and initiating the treatment of the patient results in a low rate of patient return and increases disease transmission, which compromises the utility of the test for the control of such communicable infections. Therefore, there is a great need for a rapid and simple assay that would allow diagnosis and treatment in a single visit; this would have widespread use even in areas with few resources. To that end, some point-of-care (POC) commercial kits for the diagnosis of C. trachomatis infections have become available recently. These tests can be easily performed and the results are obtained in less than 30 min, thereby significantly shortening the delay between diagnosis and treatment to minimize the spread of infection and the risk of further complications. Unfortunately, an evaluation of the performance of the currently available rapid POC tests revealed an alarmingly poor sensitivity of less than 20% [8] [9] [10] [11] .
In this study, we evaluated the performance of a newly developed lateral flow immunoassay (LFIA)-based POC testing kit, aQcare Chlamydia TRF kit (Medisensor, Inc., Daegu, Korea) for detecting C. trachomatis. LFIA is a well-established technology, and LFIA-based tests are used in commercially available pregnancy and drug tests. Instead of conventional colloidal gold or latex, the kit evaluated here uses europium (Eu) (III) chelated nanoparticles as the labeling substance, which is a promising novel reporter for stronger and more reliable signals [12] [13] [14] [15] . This assay was developed to meet the demand for a rapid, simple, and sensitive tool for detecting C. trachomatis infections, which could ultimately aid in controlling the transmission of these diseases. Furthermore, this test may aid in the diagnosis and prompt treatment of urogenital C. trachomatis infection even in areas with limited resources where NAAT cannot be used.
METHODS

Study population and sample collection
Samples were collected from men and women aged 20-80 yr, who visited a hospital for the evaluation of STD symptoms from January 2012 to June 2013. Samples were stably stored until further examination according to the recommendations of the manufacturers of the relevant tests. Urine samples, urethral swabs, and endocervical swabs were collected. All samples were collected before initiation of any antibiotic regimen. In total, 441 (positive and negative; 93 urine samples, 8 urethral swabs, and 340 endocervical swabs) anonymized samples were selected for this study; 340 samples were obtained from women and 101 samples were obtained from men. This study was approved by the institutional review board of Kyungpook National University Hospital, Korea (IRB No.2013-05-033).
Testing protocols
The aQcare Chlamydia TRF assay and NAAT were performed by 2 persons each in the clinical microbiology laboratory at the Department of Laboratory Medicine according to the manufacturers' instructions after receiving adequate training by the suppliers of the test. The laboratory evaluated the performance of the newly developed assay in accordance with the corresponding CLSI guidelines [16] [17] [18] .
Testing samples with the newly developed assay
aQcare Chlamydia TRF kit is a very rapid and user-friendly LFIAbased POC test kit. The kit has a sample detection region outside a plastic cassette, with a control line and a test line marked on the rectangular result-viewing area. The sample pad, conjugate pad, white nitrocellulose membrane, and absorption pad are attached to the internal test strip in that order. Each strip has a control line coated with goat anti-mouse immunoglobulin G, which is the internal control, and a test line coated with streptavidin. The C. trachomatis antigen in the sample forms a complex with the genus specific, biotin-labeled mouse monoclonal anti-Chlamydia antibody in the reagent, which then binds to the streptavidin-coated test line. The reagent and extraction tubes are included in the test kit package. Each kit contains a colorless reagent that is prepared such that precise pipetting is not necessary, and the extraction tube is easily converted to a dropper with a cap.
The portable, small signal-acquisition device, having dimensions of 348 × 240 × 221 mm, is equipped with an ultraviolet (UV) light source and a digital camera for detection, and a front display for the observation of quantitative measurement levels. The detector has a fixed absorption wavelength of 333 nm and an emission wavelength of 613 nm, which are the standard wavelengths for the detection of europium (Eu) (III) chelated for specific signal detection was implemented to obtain results that are more accurate.
For swab samples, 7 drops (approximately 240 μL) of the reagent were added. The swab was inserted into the tube and rotated 10 times while pushing the swab into the base of the tube to extract any C. trachomatis antigens from sample. The testing kit was placed on a flat surface and 2 drops (about 60 μL) of the sample solution were added to the detection area of the testing kit prior to incubation for 15 min. The results were analyzed by using the TRF reader device. For urine samples, 200 μL of urine was added to the tube by using disposable droppers, and the other steps were identically performed.
Testing samples with the nucleic acid amplification test
For NAATs, the AccuPower CT & NG real-time PCR kit (Bioneer, Inc., Daejeon, Korea) was used to qualitatively detect C. trachomatis. This kit was approved by the Korea Food & Drug Administration (KFDA) and is used as the gold standard for diagnosing C. trachomatis infection. The recommended protocol as described in the package inserts was followed. All samples were tested in duplicate without prior knowledge of the results of other tests.
Performance evaluation
To determine the cut-off value for this new assay, the 327 NAATnegative samples were used. Analysis was performed over 5 days with 2 runs per day. After analyzing these samples with the novel test, the average value and SD from the TRF reading device were used to calculate the cut-off value to discriminate between positive and negative C. trachomatis infections. This value was used throughout the performance evaluation to determine positive and negative infection.
To determine the detection limit, serial dilutions using 4 ng/ mL of C. trachomatis standard antigen (Chlamydia grade 2 antigen: Microbix Biosystems Inc., Toronto, Canada) were performed. Serially diluted samples of known concentration were measured 20 times, and the lowest concentration that was consistently detected (over 95%) was considered the detection limit of the test. The detection limits for each serotype of the C. trachomatis strain were also evaluated with the same testing protocol using standards for the D (ATCC.VR-885), E (ATCC.VR-228B), F (ATCC.VR-346), G (ATCC.VR-878), and H (ATCC.VR-879) serotypes of C. trachomatis.
Potential nonspecific interference was determined in multiple testing conditions by mixing various biomaterials into the patient samples. Whole blood, 4 mg/dL tetracycline, 30 mg/dL erythromycin, 20 mg/dL acetaminophen, 50 mg/dL salicylic acid, 40 mg/dL ibuprofen, 20 mg/dL bilirubin, and 1 mg/mL albumin were added to observe possible interference in the negative samples, low-positive swab samples, and low-positive urine samples. The biomaterials were added at concentrations deemed high enough to cause interference.
Additionally, 15 clinically considered pathogens, including C. trachomatis, were tested to evaluate cross-reactivity, which could result in false positive results.
Diagnostic accuracy was evaluated by using 114 NAAT-positive and 327 NAAT-negative samples. Each sample was tested in duplicate, for 10 consecutive days using the novel test kit, without prior knowledge of the NAAT test results. Sensitivity, specificity, negative predictive value (NPV), and positive predictive value (PPV) with 95% confidence intervals (CI) were calculated by comparing the values obtained from the novel test to those obtained from the NAAT.
Analysis
Performance values were determined based on the recommended CLSI guidelines and analyzed using SPSS ver.17.0 statistical package (SPSS, Inc., Chicago, IL, USA). Sensitivity, specificity, PPV, and NPV of aQcare Chlamydia TRF compared to NAAT were calculated by using standard methods.
RESULTS
The cut-off value of the TRF reader was 20.8 (data not shown). We used this value to detect C. trachomatis infection during this study, where values ≥ 20.8 were considered positive and values < 20.8 were considered negative. Quantitative values were obtained from the TRF reader, but they were used to determine the results qualitatively.
Using aQcare Chlamydia TRF, a C. trachomatis standard antigen level as low as 0.27 ng/mL showed positive results with 95% consistency over 20 repeated trials. Below a concentration of 0.27 ng/mL, the consistency of the positive result was lower than 95%; therefore, we determined the detection limit of the aQcare Chlamydia TRF to be 0.27 ng/mL. However, detection limits of different C. trachomatis serotypes were variable. Serotype D and E were consistently positive at 1 × 10 3 inclusion forming unit (IFU)/mL and 1 × 10 4 IFU/mL, respectively, while serotypes F, G, and H were consistently positive at 1 × 10 2 IFU/mL.
Eight substances, including whole blood, drugs, and other biomaterials, that could potentially interfere with the test were added to the negative and low-positive samples at a high con-centration to investigate possible false positives. However, the readings did not change in the presence of any of these substances; negative samples remained negative and low-positive swab and urine samples remained low-positive (data not shown).
Fifteen human pathogens that can cause various urogenital infections (C. trachomatis as a positive control) were used to evaluate potential cross-reactivity. Each pathogen was added to the C. trachomatis-negative samples at a high concentration of 1×10 7 colony forming unit (CFU)/mL. Only the addition of C. trachomatis resulted in a positive test; none of the other pathogens tested positive (Table 1) . The diagnostic accuracy of aQcare Chlamydia TRF was evaluated by using NAAT as the gold standard; aQcare Chlamydia TRF showed a high sensitivity of 93.0% (106/114; 95% CI, 0.880-0.963) and overall specificity of 96.3% (315/327; 95% CI, 0.946-0.975) ( Table 2 ). Sensitivity of aQcare Chlamydia TRF using the swab samples was 93.8% (91/97; 95% CI, 0.886-0.970) with a specificity of 96.8% (243/251; 95% CI, 0.948-0.981), while the sensitivity and specificity using the urine samples were slightly lower at 88.2% (15/17; 95% CI, 0.674-0.977) and 94.7% (72/76; 95% CI, 0.901-0.969), respectively (Table 2 ). Overall, PPV was 89.8% (106/118; 95% CI, 0.850-0.930), and NPV was 97.5% (315/323; 95% CI, 0.958-0.987) ( Table 2 ).
DISCUSSION
The goal of this study was to evaluate a newly developed POC testing kit (aQcare Chlamydia TRF kit) for the detection of C. trachomatis; this kit is expected to be a potential tool for the rapid and sensitive detection of C. trachomatis infections.
Although LFIA has been widely used as a qualitative screening tool in various diseases, its poor signal intensity is a major obstacle for increasing its sensitivity. Colloidal gold nanoparticles and latex have generally been used in LFIA kits, and many other studies have been conducted to overcome the low sensitivity, albeit with only limited success [15] . aQcare Chlamydia TRF uses europium (Eu) (III) chelated nanoparticles to detect C. trachomatis antigen with better sensitivity and specificity. Europium (Eu) (III) is a luminescent lanthanide element that is characterized by a large Stokes shift (excitation 333 nm; emission 613 nm) when compared with other fluorescent labels. It allows easy discrimination owing to its own unique emission signals, which eliminates the background fluorescence associated with the use of many existing fluorophores [13, 15] . The longer half-life of europium (Eu) (III) chelated nanoparticles makes it ideal for use in a TRF detection system, which recognizes specific resultant signals after a certain time interval. Europium (Eu) (III) chelates are covalently bonded to polystyrene in multiple layers to produce a strong signal with high sensitivity. The calculated number of europium (Eu) (III) chelates per nanoparticle in the kit was as high as 2 × 10 6 , allowing for high sensitivity, which is the critical limitation of LFIA-based POC tests. While a technically identical kit for detecting C. trachomatis is not currently on the market, the utility of europium (Eu) (III) chelated nanoparticles has been evaluated in various fields [12, 15, 19, 20] . Trials using it to detect human chorionic gonadotropin (hCG) or cardiac troponin I (cTnI), both requiring fast and reliable results, revealed its potential [12, 21] . The detection limit of europium (Eu) (III) has been reported to be 7-to over 100-times more sensitive than LFIAs labeled with colloidal gold nanoparticles [14, 19, 20] . Similarly, the detection limit of the aQcare Chlamydia TRF was 0.27 ng/mL of standard antigen, which improves sensitivity 8-fold when compared with the detection limit of commercial POC kits that use colloidal gold nanoparticles.
Many studies have revealed that the advantages of most commercial kits over NAAT were limited, owing to their low sensitivity, despite their simplicity and rapidness (Table 3) . Among them, the Chlamydia Rapid Test (Diagnostics for the Real World, Cambridge, UK) showed exceptionally high sensitivity, nearing 90% in some studies; however, one study reported its sensitivity to be below 50% [22] (Table 3 ). The aQcare Chlamydia TRF had a consistent overall sensitivity of 92.9%, which is considerably better than that of currently available commercial POC tests. Its sensitivity using swab samples and urine samples was also consistently better; however, this may need to be reexamined with more samples in the future. Since we used only endocervical swab samples, it may not be reasonable to compare these data to the results of studies using other vaginal swabs. However, it has been demonstrated that the bacterial load found in vaginal swabs is similar to that found in endocervical swabs [23] . Therefore, the swab source is unlikely to influence the general trend observed in our results. Recently, a report of a new POC test developed at the University of Massachusetts Medical School showed a somewhat similar sensitivity of approximately 92.9% [24] , demonstrating a promising new POC test that was also cost-effective (Table 3 ). The cost-effectiveness of aQcare Chlamydia TRF is yet to be determined, and this will be important to evaluate its overall utility in clinical settings. Moreover, there might be a selection bias with the samples, which were selected on the basis of positive/negative results of NAATs. Hence, the test needs to be assessed by using consecutive samples for more accurate performance evaluation. Additionally, al- though cross-reactivity was not observed in our experiments, the test had a slightly lower overall specificity of 96.3%. False positive cases can cause critical adverse effects especially in low prevalence areas; therefore, further evaluation of causative factors is necessary. Furthermore, to interpret the results quantitatively, assessment of the quantitative performance including imprecision, linearity, and the analytical reportable range of this device is required. Examining the correlation between quantitative values and bacterial load would add more clinically beneficial information. Despite these limitations, the advantages of the aQcare Chlamydia TRF kit are promising. Since reliable results are available within 30 min, infected individuals can be identified rapidly and can be prescribed the proper regimen of antibiotics, without having to return to the clinic. Furthermore, we observed a greatly improved sensitivity compared with currently available POC tests, which is expected to provide significant benefits and ultimately aid in achieving the long-term goal of public infection control. Advantages of a POC test are thus maintained in the aQcare Chlamydia TRF kit without the disadvantages of bulky instruments or complex testing techniques. Thus, this novel test can be used to screen wider populations, including those in areas with limited resources where NAAT is unavailable.
